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Ground testingA new hydrogen containment process was proposed for ground testing of a nuclear thermal engine. It uti-
lizes two thermophysical steps to contain the hydrogen exhaust. First, the decomposition of hydrogen
through oxygen-rich combustion at higher temperature; second, the recombination of remaining hydro-
gen with radicals at low temperature. This is achieved with two unit operations: an oxygen-rich burner
and a tubular heat exchanger. A computational fluid dynamics methodology was used to analyze the
entire process on a three-dimensional domain. The computed flammability at the exit of the heat exchan-
ger was less than the lower flammability limit, confirming the hydrogen containment capability of the
proposed process.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).Introduction
Nuclear thermal propulsion (NTP) is an enabling technology [1]
for delivering large payloads to Mars with reasonable transit time.
A critical issue in NTP ground testing is the presence of a large
amount of hot hydrogen (H2) exhausted during the tests. This
hot hydrogen exhaust cannot be vented into the atmosphere with-
out potential for explosion and/or possible contamination to sur-
rounding areas. It cannot be stored either, due to safety concerns.
A safe, robust and affordable hydrogen containment process is nec-
essary to enable the testing required for NTP development.
Several system-level hydrogen containment concepts have been
developed [2]: the borehole concept, scrubber concept, and total
containment concept. Each has its advantages and disadvantages.
In this effort, the total containment concept is focused. Briefly,
the hot hydrogen exhaust is shocked down through a diffuser
and then largely combusted to steam in an oxygen (O2) rich burner.
However, even with a higher than stoichiometric oxygen-to-
hydrogen ratio, there are still appreciable amounts of hydrogen
and radicals such as hydrogen (H), oxygen (O), and hydroxyl
(OH) atoms remaining in the exhaust. The remaining hydrogen
and associated radicals must be converted into steam (H2O). That
is accomplished by reducing the system temperature via a directwater spray cooler. The remaining superheated steam will be con-
densed. The resulting water and oxygen will be separated, col-
lected and stored. This would require however, costly storage of
very large amounts of contaminated water. It could also be argued
that there are significant levels of uncertainty associated with this
simplified system-level approach to the complex set of coupled
physics found in the hydrogen containment system.
This effort proposes a new hydrogen total containment process
that would minimize the uncertainty caused by employing direct
water spray. This new process replaces the direct water spray with
a non-contact (between coolant and hot gas) heat exchanger, using
water as coolant. This coolant water can be recycled and no storage
is needed.Method
The proposed entire hydrogen containment process, from
hydrogen exhaust, through diffuser and oxygen-rich burner, until
the end of the heat exchanger, is analyzed with a three-
dimensional, pressure-based, multiphase computational fluid
dynamics methodology to see if the total containment objective
is achieved, using flammability computed at the end of the heat
exchanger as a quantitative measure. Since all the major physics
such as turbulence mixing and finite-rate chemistry are computed,
the uncertainties caused by system-level modeling assumptions
are avoided. Grid study was performed. Details of the numerical
algorithm can be found in Ref’s. [3,4].
Fig. 1. Computed centerline species mass fraction profiles in the burner and heat
exchanger.
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sics, a 30-degree cut of the 360-degree domain was actually com-
puted and the result of a 9,364,973-cell grid is reported.Results and discussion
Fig. 1 shows the computed centerline species mass fraction pro-
files in the burner and heat exchanger. In the oxygen-rich burner,
steam concentration reaches its highest at the flame front, then
decreases downstream of the burner due to the continuous dilu-
tion by the excess colder oxygen. Hydrogen and hydrogen radical
burn off quickly as hydrogen was impinged upon by the oxygenat a high oxygen-to-fuel ratio, and the mass fractions of oxygen
and hydroxyl radicals rise as continuous combustion products.
In the heat exchanger, the concentrations of the radicals and
hydrogen drops sharply as the axial distance increases or axial
temperature decreases. In the mean time, the steam concentration
increases, albeit slowly due to its large amount, downstream of the
heat exchanger.
It is noted in the low temperature environment of cooling tubes,
unlike stable molecules like hydrogen, oxygen and steam, those
radicals are expected to be unstable and seeking to recombine with
hydrogen through finite-rate recombination reactions such as
H2 + OH = H2O + H and H2 + O = H + OH, or recombine among
themselves through finite-rate recombination reaction such as
H + OH = H2O and OH + OH = O + H2O, to form more stable mole-
cules such as steam.
The flammability computed at the end of the heat exchanger is
0.002%, or two-orders-of-magnitude less than that of the lower
flammability limit (0.261% in mass). Under the assumptions of this
study, the hydrogen containment capability of the new process
was demonstrated.
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